Activities of the past several years in developing the technique of forming seamless (weldless) cavity cells by hydroforming are summarized. An overview of the technique developed at DESY for the fabrication of single cells and multicells of the TESLA cavity shape is given and the major rf results are presented. The forming is performed by expanding a seamless tube with internal water pressure while simultaneously swaging it axially. Prior to the expansion the tube is necked at the iris area and at the ends. Tube radii and axial displacements are computer controlled during the forming process in accordance with results of finite element method simulations for necking and expansion using the experimentally obtained strain-stress relationship of tube material. In cooperation with industry different methods of niobium seamless tube production have been explored. The most appropriate and successful method is a combination of spinning or deep drawing with flow forming. Several single-cell niobium cavities of the 1.3 GHz TESLA shape were produced by hydroforming. They reached accelerating gradients E acc up to 35 MV=m after buffered chemical polishing (BCP) and up to 42 MV=m after electropolishing (EP). More recent work concentrated on fabrication and testing of multicell and nine-cell cavities. Several seamless two-and three-cell units were explored. Accelerating gradients E acc of 30-35 MV=m were measured after BCP and E acc up to 40 MV=m were reached after EP. Nine-cell niobium cavities combining three three-cell units were completed at the company E. Zanon. These cavities reached accelerating gradients of E acc ¼ 30-35 MV=m. One cavity is successfully integrated in an XFEL cryomodule and is used in the operation of the FLASH linear accelerator at DESY. Additionally the fabrication of bimetallic singlecell and multicell NbCu cavities by hydroforming was successfully developed. Several NbCu clad singlecell and double-cell cavities of the TESLA shape have been fabricated. The clad seamless tubes were produced using hot bonding or explosive bonding and subsequent flow forming. The thicknesses of Nb and Cu layers in the tube wall are about 1 and 3 mm respectively. The rf performance of the best NbCu clad cavities is similar to that of bulk Nb cavities. The highest accelerating gradient achieved was 40 MV=m. The advantages and disadvantages of hydroformed cavities are discussed in this paper.
I. INTRODUCTION
The hydroforming technique was worldwide developed in the past 30 years (see for example [1] [2] [3] ). It is an established procedure now with millions of pieces produced-mainly of light parts for automotive application or various applications in the aerospace industry.
Though is seems reasonable and elegant to apply hydroforming for fabrication of elliptical cavities, the established fabrication procedure of elliptical SRF cavities consists of deep drawing and electron beam welding (EBW) of the half cells in the iris and equator areas. This procedure is industrialized and has about 30 years of fabrication experience. In the past few years improvement of material quality control, the preparation for EBW and the welding parameters allowed to reach accelerating gradients close to 40 MV=m by applying advanced cavity treatment techniques such as electropolishing (EP) in combination with baking [4, 5] .
The disadvantage of this method is that welding at the equator and iris of cells is very critical for rf performance, because they will be exposed to high magnetic or electric fields.
Therefore, thoroughly cleaning by ultrasonic degreasing, chemical etching, ultrapure water rinsing and clean room drying for welding is mandatory to avoid substandard welds. Also, clean conditions must be assured during welding and contaminating the weld area by touching after the last cleaning must be avoided. Since niobium is a strong getter material for oxygen, it is important to carry out the EB welds in a vacuum of < 10 −5 mbar. Therefore, a fabrication method which will avoid the welding in critical areas is very welcome. Two aspects have to be stressed here. First, the seamless cavity does not have the risk of equator weld purity degradation and therefore could improve the reliability towards achieving high gradients (the highest field in a cavity, which needs to be sustained by the superconducting material, exists near the equator). Furthermore, the heat affected zone (HAZ) and associated to it defects [6, 7] will be absent. It can be expected that the statistic in performance of seamless cavities for the series production will be better.
Second, a lower cost of fabrication can be assumed, especially for big series production.
Development of superconducting joints [8] can support the seamless option, too. This development would open the possibility to produce the cavities consisting of a rotationally symmetric cells part (by applying "seamless" fabrication technologies) and asymmetric end groups flanged to the cells.
The industrial fabrication of elliptical rf resonators or industrial devices with this technique is not yet developed. Such fabrication is a challenging task because of rather small wall thickness of the tubes and rather big ratio of the equator diameter to the iris. For example for the cavities of the TESLA shape this ratio is close to 3 (212 mm=70 mm) and the wall thickness is about 3 mm.
In addition some special properties of high purity niobium can cause problems for forming. On one hand it is very difficult to reach the uniform grains and homogenous distribution of strain-stress parameters; on the other hand niobium possesses low work hardening during deformation and tends to rupture.
Some efforts to fabricate seamless elliptical cavities were carried out in the past by applying techniques such as explosive forming [9] , spinning [10] and hydroforming. Explosive forming requires about 60% elongation before break. It was successfully applied to Cu tubes, but failed for bulk niobium. Spinning was started in the 1990s at INFN Legnaro and it was demonstrated that single-cell spun cavity reached E acc similar to welded cavities (up to 40 MV=m).
Most of the development was dedicated to hydroforming of elliptical cavities ranging in frequency from 300 MHz to 3.9 GHz in many Labs: CERN [11] and Cornell [12] in the 1980s, CEA SACLAY in 1990s [13, 14] and some recent efforts at KEK [15] and Michigan State University [16] . These labs successfully produced cavities from copper. A 1.3 GHz single-cell cavity hydroformed at CEA SACLAY from Nb of RRR ¼ 20 reached a gradient of E acc ¼ 18 MV=m after postpurification [13, 14] .
A single-cell cavity hydroformed at KEK reached recently 30 MV=m [15] .
DESY started the hydroforming development in collaboration with INR (Russia) in the 1990s and established a most consistent program. This "proof of principle" program has demonstrated that multicell cavities with high performance can be built by hydroforming and can be successfully used for operation in the accelerators.
The main results have been published up to now in conference proceedings; some have not been published at all. The comprehensive description of all steps of development and presentation of the main results in a review paper makes sense from our point of view, because of the high interest in this cavity manufacturing procedure-even though the interest is oscillating over time-in the context of mass production of cavities for projects such as the International Linear Collider (ILC).
II. ARE THE MECHANICAL PROPERTIES OF NIOBIUM SUITABLE FOR HYDROFORMING?
It is well known that the plasticity of most refractory metals increases with the temperature. Therefore the first decision for hydroforming concerns the working temperature during the hydroforming process. The main question was: How do the mechanical properties of Nb change with temperature and do we have to carry out hydroforming at room temperature or at elevated temperatures?
The tensile tests done at DESY on high purity niobium (RRR ∼ 300) in the temperature range between room temperature and 300°C have shown a small minimum of the elongation at break close to 125°C, but no rise of elongation at elevated temperatures compared to the room temperature (Fig. 1) . Data from literature confirmed these results, indeed up to 1000°C the elongation remains the same as at the room temperatures [17] . These data allow drawing an important conclusion: the hydroforming of niobium cavities can be done at room temperature which FIG. 1. Elongation at break vs temperature for high purity niobium.
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The first one was the application of periodic stress change (pulsed stress). It was discovered in our experiments that the strain before onset of local thinning of the sample will be markedly increased (by almost 30%) by its deforming during tensile test with pulsed stress (see Fig. 2 ). Probably the pull-release regime of the deformation artificially increases the normally low work hardening of Nb in low-yield strength regions and therefore shifts the fracture to higher elongations compared to monotonic increase of stress. The application of this pulse regime expressed as pressure variation in the tube during the hydroforming process has also proved to be advantageous.
The second aspect was the use of the correct strain rate dε=dT for niobium during the hydraulic expansion. Our experiments have shown in accordance with some literature data summarized in [18] that the deformation procedure should be rather slow. By keeping the strain rate below 10 −3 s −1 , a 10% higher strain before local thinning can be obtained.
It was important to find a reasonable way for seamless tube characterization concerning usability for hydroforming. The deformation in the case of hydroforming is more or less a biaxial expansion. Bulge testing is most appropriate for tube characterization, however it requires flattening of the tube piece, which introduces some work hardening and partly disturbs the properties. The scheme of bulge device (hydraulic expansion of the Nb disk into a round aperture) built at DESY can be seen in Fig. 3 . The values of the stress σ and the strain ε at zenith can be determined by
The pressure p, radius of the curvature r and thickness t in zenith of the sample are measured during the deformation procedure with a curvature sensor and an ultrasonic device. The bulge procedure can be done both by pulsed stress and continuously [19] .
A series of bulge and tensile tests have shown an unfortunate anisotropy of the mechanical properties of the tubes; the elongation before local thinning of the wall was in all cases much higher in axial, as in the more critical and important circumferential directions needed for hydroforming (see for example Fig. 2 ). Therefore, it was decided that a tensile test of the cutout from the tube and from a flattened ring will give the required information about usability of the tube and will be sufficient. Additionally, the grain structure analysis was done on all types of tubes.
Based on our experiences with high purity Nb sheets [20] the main goal was to have fully recrystallized tubes with uniform grain structure and grain sizes of 50-100 μm. In this case, the mechanical properties are close to optimal for hydroforming. The annealing parameters have to be approaching to 800°C, 2 hours, but the final annealing temperature for each type of tube was adapted to its production procedure.
As is well known, the strain-hardening coefficient n is important for biaxial deformation; high n reduces the amount of local thinning. The n coefficient is close to maximum for high purity Nb around 0.3 for these conditions.
Initially, all forming experiments have been done with Cu tubes from stock, since Cu shows much higher work 
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III. FEM SIMULATIONS OF HYDROFORMING
Generally, the forming procedure of elliptical cavities consists of two stages: reduction of the tube in the iris area (necking) and expansion of the tube in the equator area (hydroforming). The main parameters of the procedures are internal pressure, axial compression length (axial displacement) and shape change (radius change).
Experiences have shown that numerical simulation of the necking and hydraulic expansion of the tube is very useful especially at the beginning. The finite element method (FEM) simulation gives the starting point for the hydroforming parameters which can be additionally tuned by comparison between the theoretical and experimentally observed parameters. A lot of simulation were performed with the finite element code ANSYS, assuming the elastoplastic behavior in accordance with stress-strain curve and isotropic hardening rules [21, 22] .
The calculations were carried out for definite tubes foreseen for hydroforming using the true strain-stress characteristic related from the bulge test.
The main aim of the FEM simulations was to find a way of forming by minimization of the stress in critical areas, thus avoiding reaching the ultimate tensile strength. The simulations, as well as the hydroforming experiments, have been done first on Cu tubes.
As an example, the simulated stress distribution and wall thickness change after the necking process at the end of a tube is shown in Figs. 4(a) and 4(b) for some tubes and compared with experiment results. The left points on Fig. 4(a) correspond to the upper part of Fig. 4(b) .
It can be seen that some reduction of the tube wall thickness occurred during necking.
For the simulation of the expansion process the tube form and stress distribution, reached after necking, has to be taken into account. The simulations of expansion give information on the relationship between the radial growth and applied internal pressure as a function of the axial displacement (path of the expansion). The results for stress distribution and radial growth are shown in Figs. 5(a) and 5(b) and compared to experimental data in 5(a). From the good agreement one can conclude that the simulation describes the reality rather well and can be used for the first iteration of the hydroforming procedure.
The dimensional inspection of the hydroformed double cells has shown that in some cases during the forming process the radius of the iris decreased by about 1-1.5 mm. To understand this phenomenon further FEM simulations had to be done as well as a series of experiments on double cells from copper and niobium. It turned out that most of the iris reduction can be avoided by a sharp increase of the internal pressure at the initial stage of tube expansion (approximately 30-40 bar per mm of axial displacement).
The results of computer simulations related to iris behavior, depending on the pressure during the initial stage of hydroforming, is shown in Figs. 6a and 6b for Nb. The factor K ¼ 1 represents the minimal initial pressure required for successful hydroforming. In other experiments the pressure was increased to K ¼ 1.75-2.5. Increasing of the pressure up to K ¼ 2 can minimize the effect of the iris reduction, but further increase of pressure has no significant influence on it [ Fig. 6(a) ]. The experiments have been in good agreement with these findings. The final corrections of the iris shape have been accomplished by calibration at high pressure 500-1000 (see below).
IV. HYDROFORMING TECHNIGUE
The combination of tube necking in the iris area and subsequent tube expansion in the equator area permitted to achieve a more or less homogeneous distribution of the stress around the tube and therefore the forming without damage. This procedure eliminates the need for an intermediate annealing during hydroforming of single-cell as well as multicell cavities.
A. Necking procedure
The development of the reduction of the tube diameter at the iris area (necking) is an even more challenging task than its expansion (hydroforming itself) and demanded even more efforts.
Several necking methods (hydraulic necking, electromagnetic strike necking, round knead, spinning) were tested at DESY before the current necking procedure was established.
The best necking results (rather smooth surface, uniform wall, small wall thickness reduction, good reproducibility) were achieved by using a specially profiled ring moving in radial and axial directions. The radius of the profiled ring touching the tube is almost the same as the outside radius of the tube, which allows a small angle between the ring and the tube to be maintained. Explored methods of the tube necking at the iris and at the tube ends are shown in . Simultaneously the tube is compressed axially. The compression value depends on the contact angle between the necking ring and the tube. Developed ideas have been summarized in a patent [23] .
A tube necking device for laboratory scale experiments utilizing the described principles was designed and constructed at DESY (Fig. 9) .
The device for necking of Nb tubes has been designed for inside diameters of 130 or 150 mm and permits necking of single-cell, double-cell or three-cell cavities of ILC-like shape [TESLA, low loss (LL) or Reentrant (RE)]. The machine consists of several transversally oriented plates. Two hydraulic cylinders provide the axial and radial movement of the profile ring. The cylinders are equipped with position and pressure sensors. The computer control of the device allows one to reproducibly apply the necking parameters.
The combination of radial and axial movements results in uniformity of circumferential wall thickness at the iris area without remarkable reduction of the wall thickness (not more that 20%). Our experience showed that the machine is functioning very well.
One example of the necked niobium tubes can be seen in Fig. 10 .
B. Expansion procedure
A special machine for hydroforming experiments on a laboratory level was designed and built at INR institute in Russia [2, 24, 25] within the scope of the collaboration with DESY. The designed machine allows variations of hydroforming parameters, different constraint options and is capable to produce elliptical cavities of different shapes (TESLA, RE, LL etc.) up to three-cell units.
The device is schematically shown in Fig. 11 . The main part of the hydroforming machine can be seen in Fig. 12 . W. SINGER et al.
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At DESY the machine was equipped with a water hydraulic system for the internal pressure in the tube and with an oil hydraulic system for the cylinder movements to ensure the axial displacement.
The developed computer control system for the hydroforming permits one to perform the hydraulic expansion in a pulsed as well as in a continuous mode. Several sensors control the diameter growth of previously necked tube, the axial displacement, the water pressure in the tube and the oil pressure for the cylinder movement. The setup makes possible the application of a periodic stress fluctuation (pulse regime), as mentioned above.
The hydraulic expansion is based on the use of the correct relationship between internal pressure and axial displacement and assumes that the plastic limit of the material is not exceeded.
For the forming of a new type of tube the following strategy was applied for the hydraulic expansion: with the measured stress-strain characteristic of tube to be formed, the computer simulation of the hydroforming process is made. The forming process aims the smallest maximum strain in niobium at end of hydroforming. Further corrections of the expansion parameters are done by comparing the obtained by computer simulations and experimental growth of the tube diameter.
It is very important that the internal pressure to the tube is applied simultaneously with an axial displacement.
C. First experiences and further development of the hydroforming procedure towards industrialization
The FEM simulations assume that the mechanical properties of the tube are homogeneous. In reality the Nb tube has most of the time some local deviations in the grain size and the mechanical properties. Generally, during the start of the forming process such a tube will become plastic first at the location with the minimum of the yield strength, which will result in local thinning of the wall and stress enhancement, producing more local deformation. This self-enforcing process will continue until fracture, unless it will be stopped either by strain hardening (weakly pronounced in Nb) or by contact with the mould wall.
Two special situations have been observed [26] .
If the yield strength of the tube monotonously varies from one end to the other, the tube will have a conical shape in the intermediate stage [ Fig. 13(a) ]. Tubes often show this feature, because many fabrication processes, like deep drawing or spinning, produce nonuniform deformations increasing from bottom to top. Accordingly, deviations of grain size and mechanical inhomogeneity are present after tube annealing.
Also random yield strength variation in the Nb tube can occur, such as variations of the yield strength along the tube circumference. In this case the formed tube looks like that shown in Fig. 13(b) .
Both effects were present in varying degrees in the initial forming stage of the first monocells. As described below a lot of work was dedicated to the development of Nb seamless tubes with large elongation and uniform properties. Tubes with such characteristics permitted one to successfully form single cells and multicells of the TESLA shape even without intermediate constraint.
The typical pressure vs axial displacement (gap between molds) and radius vs axial displacement curves are shown in Fig. 14 . The water pressure for hydroforming of the niobium tube of 2.5-3 mm wall thickness is approximately 100 bar. As mentioned above, by variation the pressure (as it can be seen in Fig. 14) a radius increase in the range of plastic deformation without failure can be accomplished. The profile of the water pressure in the tube has three phases: growth of the pressure at the beginning of process, a medium section of nearly constant pressure and a reduction of the pressure at the end. This pressure profile produces monotonous growth of the tube radius.
In order to reduce the risk of failure and to adopt the procedure to serial production some further developments were needed.
It was determined to do the hydroforming in two stages in order to achieve the correct shape with rather uniform wall thickness of the complete cavity and to suppress instabilities in the tube expansion as mentioned above.
At the first stage of the expansion the necked tube reaches roughly a medium value between initial and a final diameter: the tube expands until it touches the specially shaped mould (intermediate constraint). This mould shape is chosen as the result of FEM simulation (Fig. 15) . The first stage consists of two steps schematically shown in Fig. 16 : in the first step the radius grows monotonously until the tube touches the mould at the equator; in the second step the pressure increases significantly in order to perform the expansion in the area between the equator and iris.
At the second stage the final expansion into the external mould with the final cavity shape takes place (Fig. 17) . In order to get monotonous growth of tube radius during hydroforming and not to exceed the plastic limit of the material, the pressure should be kept close to constant after reaching the required value for the onset of plastic flow (Fig. 18) .
A special mechanism synchronizes the movement of the molds and allows stable forming of many cells simultaneously. The synchronization is relevant for both stages of expansion. The principle of the synchronization is described in detail in the patent [23] and can be derived from Figs. 15 and 17.
D. High pressure calibration of hydroformed cavities
A calibration device with strengthened matrices has been designed and constructed. The purpose of the gadget is to achieve a gap-free contact of cavity walls with the mould everywhere, especially in the iris region, which is most difficult for hydroforming. The device consists of matrices from 7075 T6 aluminum alloy supported by a massive steel tube. It can sustain pressures up to 1000 bar and can be used to calibrate resonators with one to nine cells (Figs. 19 and 20) .
High pressure calibration matches the outside shape of the cells precisely to the shape of the mould. This is possible because of the relatively high spring back of the mould and the relatively low yield strength of the Nb.
With increasing pressure the cavity will grow plastically with the mould, which remains elastic. When pressure is released the mould springs back to its initial stress-free form. At the same time, the resonator will be slightly squeezed plastically to the shape of the mould. This procedure can provide a resonator with high shape accuracy and a straight axis. 
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V. DEVELOPMENT OF NIOBIUM SEAMLESS TUBES FOR HYDROFORMING
The development of the fabrication of niobium tubes with satisfactory properties is challenging and significantly affected our progress in a similar way as the development of the hydroforming procedure. The tube has to fulfill several requirements: high purity (RRR close to 300), high and uniform elongation before local thinning (>25% in the worst case), low anisotropy, tight dimensional tolerances for the wall thickness (within AE0.1-0.2 mm) and high surface quality.
In addition, the optimal tube diameter for hydroforming had to be determined. The TESLA shape cavity has an equator inside diameter ID ¼ 206.6 mm and the iris ID ¼ 70 mm. For the choice of the initial tube diameter, two aspects had to be considered.
(i) The strain at the equator should remain during the expansion below the onset of the material local thinning. Therefore, a larger initial tube diameter is preferred, easing the second stage of hydroforming.
(ii) On the other hand an enlargement of the tube diameter increases the thinning of the tube wall in the iris region during necking.
First estimations and experiments have shown that for high purity niobium, a tube ID between 130 and 150 mm is close to optimal. The TESLA shape cells have been successfully fabricated starting both from ID ¼ 130 mm and ID ¼ 150 mm. However, a measurement of the Vickers hardness (HV) distribution (by load 10 N) of the hydroformed cells (Fig. 21 ) allows one to conclude that the work hardening of the tube with ID ¼ 130 mm at the equator is rather high and presumably not far away from the rupture limit (HV of the cold rolled Nb for example is ca. 110).
As shown in Fig. 21 , a reduction of the tube diameter increases the work hardening at the equator region and has a smaller influence at the iris area.
Therefore, the ID ¼ 150 mm is more preferable for hydroforming of TESLA shape cavities. After successful improvement of the necking procedure only tubes with ID ¼ 150 mm have been used for hydroforming.
To find a suitable production method for seamless tubing with the desired properties for hydroforming several production techniques have been examined: (i) shaping of a sheet to tube and welding; (ii) backward extrusion; (iii) spinning; (iv) deep drawing; (v) flow forming; (vi) forward extrusion; and (vii) bimetallic tubes (see Sec. VII).
Initially the welded option was explored. The bulge test performed on a disk with the diametric EBW seams indicated insufficient elongation before local thinning (below 20%). The rapture location was usually at the heat affected zone (HAZ). This behavior could be predicted since the EBW microstructure of Nb (Fig. 22) shows big irregularity of the grain size in the welding seam and in the HAZ. Theoretically this grain size can be reduced by deformation (local rolling) of the welding seam area and subsequent annealing. In the practice however, it is difficult to implement the procedure for high purity Nb due to high degree of deformation (>65%) needed to establish small and uniform grains [27] .
The shaping of small tubes directly from ingot fraction by back extrusion [28] was developed at the company WC HERAEUS for components for the light bulb industry. This technique seems to be cost effective. Nb tubes with RRR ¼ 300 (Nb300) of appropriate diameters for hydroforming have been produced at WC HERAEUS for DESY. Unfortunately, first attempts have shown that these tubes are not applicable for hydroforming of TESLA shape cells. The tubes burst at the initial or middle stage of hydroforming. The analysis of the microstructure has shown a big scattering in the grain size from surface to the middle of the wall and in the circumference [29] . Irregularities from small (50-100 μm) to rather big grains (500-1000 μm) (see Fig. 23 ) reduce the elongation before local thinning and yield a rough inside surface after hydroforming. It seemed that the degree of deformation of this technique is not sufficient to reduce the large grain size (a few cm) of the ingot material to the necessary small and uniform grains of approximately 100 μm size in the final tube after annealing [27, 30, 31] .
Further efforts have shown that satisfactory results can be achieved, if one starts with thick niobium sheet, which is commercially available. The tubes can be produced by deep drawing or spinning [28] . Such tubes show acceptable elongation before onset of local thinning. Particularly successful is the combination of spinning or deep drawing with flow forming [28] . Flow forming over a cylindrical mandrel has gained more importance in the past years. Machines with three work rollers accomplishing the flow forming in either forward or reverse direction are available. This method allows the production of very precise tubes from spun or deep drawn thick walled cylindrical parts. The ratio of the length to diameter can exceed 20, the ratio of diameter to wall thickness can exceed 500 for such tubes. The flow forming of high purity Nb tubes was developed at a German company-Metall Specialrohr MSR. After optimization of the process parameters, shiny surfaces and small wall thickness variations (less then AE0.1 mm) could be achieved.
In cooperation with industry the seamless tubes have been fabricated from 10 mm thick niobium sheet with rather small and uniform grain structure by spinning at Co. The microstructure and crystal orientation was not ideal for deformations. As it can be seen in Fig. 26 grain size is not completely uniform (some increased grains close to the inside surface are visible), random distribution of crystal orientation (suitable in our case) is not completely present. Anisotropy of the mechanical properties was still significantly pronounced as our tensile tests have shown. The smallest values of elongation before local thinning-about 27%-35%-were observed in the circumferential directions; however they were acceptable for our goal [32] . From these tubes single-, double-and three-cell units were formed, which as reported below, ensured high cavity performance. However, these tubes were not long enough to form a nine-cell cavity from a single piece.
Finally, seamless tubes of a sufficient length for ILC type nine-cell cavities have been developed in cooperation between two companies-Black Laboratories and Wah Chang BL-WC-based on forward extrusion and flow forming [33] . A billet was heavily deformed to produce a fine grain structure and after subsequent recrystallization a fine grain, weakly textured tube of 1.65 m length and 3 mm wall thickness was extruded. Such extruded tubes has been successfully formed with DESY's hydroforming equipment [33] . Several two-cell and three-cell units were produced at DESY (Fig. 27) .
It turned out as a remaining important issue that a compromise between surface roughness of the hydroformed cells and grain size has to be found. The tubes processed for minimal surface roughness (smaller than DESY tubes) exhibited too small grains (ca. 20 μm), in some locations surpassed the ductility limit. 
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Advantages and disadvantages of niobium seamless tube production methods are listed in Table I .
VI. BULK NB CAVITIES
A. Single-cell cavities 
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Finally the cavities were calibrated by increasing the internal pressure up to 500 bar. In order to confirm a proof of principle the hydroformed cavities have been treated similar to the conventional welded cavities and the performances was compared.
Three types of surface treatment were explored: buffered chemical polishing (BCP); BCP together with post purification using Ti; EP with subsequent baking at ca. 120°C and some combinations of these procedures. In all cases, the high pressure water rinsing (HPR) was applied additionally.
The maximum accelerating gradients of hydroformed single-cell cavities treated by BCP only are summarized in Fig. 28 . The average E acc ¼ 28 MV=m. The results seem to indicate that seamless cavities-after sufficient BCP (removal the surface layer of 150-250 μm)-are performing even better than welded cavities treated similarly. The average max E acc of BCP treated welded cavities is 24 MV=m [34] .
Several outstanding results have been achieved mostly by applying EP. One of the best results of a hydroformed bulk Nb single-cell cavity is shown in Fig. 29 [35] . Cavity 1K2 demonstrates an accelerating field of ≥42 MV=m and a high Q-value of >1.5 × 10 10 at the highest E acc . The measured accelerating field of E acc ≥42 MV=m in this cavity is among the highest ever achieved with a single cell. Surprisingly, the cavity behavior did not change significantly over a period of 15 years and the surface seems to be quite stable and resilient [36] .
B. Hydroforming of multicells
One of the important next steps of the seamless development was to successfully extend the technology to multicell cavities.
The main problem in the multicell fabrication was the reduction of the tube diameter in the iris area between two cells (necking). In the first stage of the development the necking was done by spinning using an industrially available spinning machine and a "teach and playback" procedure. For single-cell cavities requiring only short tubes and necking at only the end tube, this procedure is successful. This technique was less successful for the longer tubes, because it was difficult to achieve the uniform wall thickness at the necking area. The irregularity in the wall thickness of up to 1-2 mm at the iris area produced sometimes holes during material removal by BCP, EP or centrifugal barrel polishing. The situation was decisively improved by development of a special necking procedure (described above). The wall thickness tolerances remained at AE0.2 mm for necked of three-and two-cell units.
Several double-and three-cell bulk Nb cavities of the TESLA shape were successfully hydroformed at DESY. Although the forming was possible without intermediate constraint, an intermediate constraint was applied in order to reach stable and reproducible cavity fabrication.
Theoretically, the expansion at the equator area can be done either simultaneously for all cells or successively one cell after the other. The second option is preferable for hydroforming of a nine-cell cavity from a single tube. The fabrication is more reliable this way, even if some variation of the plastic properties within the tube is present. Both options were demonstrated with copper tubing (see Fig. 30 ) and successfully realized on Nb three-cell units. Examples of hydroformed two-and three-cell units are shown in Fig. 31 . Typically, hydroforming produces rougher surface finishes than deep drawing, because of the higher degree of deformation (25% for hydroforming, 10%-15% for deep drawing). The roughness just after forming also depends on the tube production procedure.
However, very rough surfaces in the welding areas, which do not completely disappear even after 150-200 μm of EP, are absent in hydroformed cavities. Centrifugal barrel polishing (CBP) seems to be a reasonable process for hydroformed cavities. In some cases CBP [37] was applied.
A summary of preparation and rf test results from six double-cell cavities carried out at JLab can be found in Ref. [38] . Typically, after approximately 100-200 μm material removal by BCP, the cavities are reaching E acc of 25-30 MV=m. Additional EP treatment with baking at ca. 120°C increases E acc up to 35-38 MV=m. The Q o (E acc ) curve of the best double-cell cavity is shown in Fig. 32 .
The three-cell units were hydroformed for assembly into nine-cell cavities from tubes with RRR values of 250-300, a diameter of 150 mm and a wall thickness of 2.7 mm. The cells were formed simultaneously in two stages with an intermediate constraint. Three of them (for the cavity Z164 in future) have been treated and rf tested at JLab [39, 40] . After the hydroforming was completed, the three three-cell units were centrifugal barrel polished at DESY removing approximately 100 μm. A stress relieving annealing step at 600°C for 10 h in high vacuum after about 100 μmo f material removal by BCP at JLab softened the cavities appropriately and tuning could be accomplished. Figure 33 summarizes the cavity performance after a postpurification heat treatment at 1250°C for 3 h in a Ti box. None of the cavities was limited by a "quench," but rather by a degradation of the Q o -value ("Q-drop") in the absence of field emission at accelerating gradients of E acc ¼ 32-35 MV=m. JLab's two-cell T-mapping system was assembled on the top and bottom cells of cavity #1 representing top and bottom of the initial tube. The T-maps show several "hot spots" in the equator (high magnetic field) region of both cells, although they appear to be more intense in the top cell. This feature might be a result of the tube fabrication method: during the spinning the top of the tube experiences the largest deformation and the outside and inside surfaces receive the most surface damage; these surfaces are visibly rough with tiny cracks.
C. Fabrication of nine-cell hydroformed cavities
The final goal of the hydroforming development was the fabrication of nine-cell cavities of the TESLA shape. As mentioned above the DESY hydroforming machine was built as a prototype to develop the feasibility of the hydroforming technique. Dimensionally, it can produce only three-cell units and nine-cell cavities have to be assembled from three three-cell parts. There are no technical obstacles to extend the hydroforming procedure to nine-cell cavity fabrication from a single tube especially since a cell-by-cell manufacturing was proven.
The three-cell units were combined to nine-cell cavities at company E. Zanon.
Completing included the following steps: (i) fabrication of the long and short end groups connected with proper three-cell units; (ii) machining, weld preparation and EBW of two iris welds (from outside) to complete a nine-cell cavity; and (iii) machining, preparation and attaching the stiffening rings by EBW.
In total three nine-cell cavities (Z145, Z163 and Z164) were fabricated (see Fig. 34 ). The cavity Z164 was completed from three cell units investigated previously at JLab (described above).
Originally, the molds for hydroforming have been calculated and built for tubes with a wall thickness of 3 mm. The tubes used, however, were 2.7 mm thick. Therefore, after hydroforming the inside volume was larger and accordingly the resonant frequency was lower as planned. The conventional tuning procedure as described in Ref. [41] had to be modified to avoid excessive lengthening of the cavity during the first rough tuning step. Instead of tuning by lengthening, the cells were deformed radially. A roller, with the profile close to the cell shape at the equator area, moves radially in relation to rotating cavity (see Fig. 35 ). A reduction of the cell radius by 0.2-0.8 mm changed the frequency easily by 1-2 MHz. Afterwards, final tuning was accomplished with DESY's standard tuning machine [41] and well-known tuning procedure. For example the field flatness of cavity Z163 after radial pretuning was 88%, after subsequent standard tuning 99%.
Prior to tuning the cavities have been "softened" by a 800°C annealing after removal of 40 μmb yB C P .
Radial tuning can be applied to any cavities, if the frequency has lowered too much because of excessive material removal (approximately >500 μm); it prevents a length increase from conventional tuning out of tolerance (AE3 mm).
Cavities Z145 and Z163 have been rf tested at DESY after surface treatment of ca. 150 μm EP, ethanol rinsing, 800°C heat treatment, 50 μm EP, HPR and baking at 120°C for 48 h.
Cavity Z145 reached a maximum accelerating gradient of approximately 30 MV=m, maximum E acc for cavity Z163 was about 35 MV=m. In both cases the Q o at the highest gradients exceeded 10 10 . Passband mode measurements showed that individual cells had gradients between 30 and 39 MV=m.
The performance of these two nine-cell cavities is shown in Fig. 36 (for Z145 at 2K, and for Z163 at 2K and 1.8K). 
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Cavity Z164 went through four cycles of surface treatment and five rf tests, all performed at 2K at JLab [42] . Initially after the first 50 μm BCP and high temperature heat treatment at 800°C the cavity was limited at 27 MV=m (Fig. 36) . After a 30 μm of EP and a low temperature bake (120°C for 48 hours) the cavity degraded to a quench field of 18 MV=m with moderate field emission. A subsequent EP of 20 μm followed by ethanol rinse only slightly improved the cavity performance to 21 MV=m. During the last rf test, passband measurements suggested the quench location in cell 4 or 6. Both T-mapping and the use of triangulated second sound sensors pointed to the lower half-cell #4 approximately 25 mm away from the equator as the single quench location. An extensive optical inspection on and around the quench area could not identify any defect.
This rather low accelerating gradient of the cavity is unexpected because all three three-cell units had performed well up to gradients of 32-35 MV=m (see Fig. 33 ). It can be speculated that defects were introduced during the completion process for this cavity.
VII. HYDROFORMING OF NBCU CLAD CAVITIES
The hydroforming technique can also be applied to seamless bimetallic tubes [22, 43, 44] . This option opens new opportunities for cost savings and performance improvements. The material combination of clad, thin niobium (0.5 to 1 mm thickness) on 2-3 mm thick copper saves material costs for the expensive niobium and increases the thermal stability of the cavity against quench due to the high thermal conductivity of copper.
Additionally, cladding permits to retain almost all t r e a t m e n tp r o c e d u r e sa p p l i e dt ob u l kN bs u c ha sB C P , EP, annealing at 800°C, in situ baking at 120°C, HPR and CBP. Thin film deposition [45] is lacking these advantages. In addition, stiffening against Lorentz force detuning can easily be done by increasing the thickness of the Cu layer.
A. Fabrication of seamless NbCu clad tubes
Fabrication of seamless NbCu clad tubes is, as well as for bulk niobium tubes, a subject of special efforts. Requirements to mechanical properties of niobium component are not so challenging in this case because the plastic properties of Cu have a dominant role during hydroforming.
Even the mechanical properties of back extruded seamless Nb tubes of inhomogeneous grain structure can be tolerated. The main challenge is to produce high quality of Nb without reduction of its purity in the clad configuration.
Different cladding procedures were explored. Initially, explosive bonding was applied [22] . The bonding takes place by an explosively driven, high-velocity angular impact of two metal surfaces at very high speeds creating huge contact pressure.
The bimetallic tubes have been produced in two steps: (i) explosive bonding of back extruded seamless Nb tube (approximately 4 mm wall thickness) with oxygen free Cu tube (wall thickness approximately 12 mm) was carried out at High Energy Metals, USA; (ii) flow forming into NbCu tube of 4 mm wall thickness (approximately 1 mm Nb, 3 mm Cu) was done at the company Metall Specialrohr, Germany.
Another cladding technique for bimetallic NbCu tubes was developed at KEK in collaboration with the industry [43, 44] (hot bonding) and at DESY in collaboration with Fa. NuTech (Canada). The main idea is to protect the Nb from contamination at high temperatures by a Cu shield; a vacuum of 10 −5 -10 −6 mbar is created between Nb and Cu layers and is leak tight welded ("canning"). Either three concentric tubes Cu=Nb=Cu or three plates Cu=Nb=Cu can be sandwiched together by the process. Subsequently, a tube with smaller wall thickness can be produced from such material combination using hot extrusion or hot rolling with subsequent spinning or deep drawing procedures. High cladding quality is achieved with these processes. In combination with flow forming, the required tolerances in the wall thickness are produced.
B. NbCu clad cavities
Several single-cell NbCu clad cavities (as an example see Fig. 37 ) were fabricated at DESY. Both the necking and the expansion are carried out without intermediate constraint.
The calibration at 500 bar was done afterwards. Some of the cells were additionally annealed at 560°C for 2 hrs before calibration in order to soften them.
The niobium end tubes with the NbTi flanges were connected to the Nb layer of the cavity by EB welding (Fig. 37) . The welding of 0.7-1 mm thick Nb layer of the cavity with the 2 mm thick wall of the end tube does not cause any problem and provides sufficient stiffness for the single-cell cavity. Cu in the welding area needs to be removed carefully before welding to guarantee a leak tight weld joint. The stiffness of the connection can be additionally increased by covering this area with Cu, for example by using a cold gas dynamic spray procedure developed by Kreye and his colleagues [46] . The minor degradation of Nb purity during spraying (from RRR ¼ 300 to RRR ¼ 250), and the matching microstructure and properties of sprayed Cu to bulk Cu (porosity ca. 1%, small oxidation, electrical conductivity app. 80% of bulk Cu) make this technique very practicable for applying to NbCu cavities.
The hydroforming technique was also explored for fabrication of multicell cavities from Nb=Cu clad tubes. Several double-cell units were produced for KEK at DESY from sandwiched Cu=Nb=Cu tubes Rather small frequency deviation from cell to cells (within 1 MHz) indicated good reproducibility and high accuracy of the cell shape.
Some explosively bonded hydroformed NbCu clad cavities were treated and rf tested at DESY, KEK and Jefferson Lab. Consistently E acc values between 30 and 35 MV=m have been measured.
An excellent result achieved at Jefferson Lab with cavity 1NC2 even without EP is shown in Fig. 38 . At the highest accelerating gradient, E acc ¼ 40 MV=m, the Q o value was close to 10 10 . The experimental data indicate that very good cavities can be fabricated from explosively bonded tubes. However, further experiences have shown that in some casesespecially for multicells-the NbCu bonding was locally not complete and these cavities quenched at low fields. It seemed that the poor bonding was insufficient to transfer the heat from the rf surface to the helium bath.
More stable behavior has been observed with the NbCu cavities produced from sandwiched hot roll bonded tube. The interactive diffusion between Cu and Nb provides for a more stable and complete bonding compared to the mechanical force in the explosion bonding method. For example the hydroformed single-cell cavity NSC-3 produced from hot roll bonded tube of company Nippon Steel Co. (Japan), prepared and rf tested at KEK, shows an excellent E acc of approximately 39 MV=m (see Fig. 39 ).
C. Drawbacks and perspectives of NbCu clad cavities
Two disadvantages of the NbCu clad cavities prevent currently the practical application of NbCu cavities.
The first drawback is the large difference in recrystallization temperature of Nb and Cu; this did not permit to reach optimal plastic properties in both Cu and Nb materials during annealing.
Cu can be fully recrystallized by annealing at 560°C for 2 hours with a grain size about 30 μm and acceptable for hydroforming elongation before rupture (about 35%-40%). In contrast, niobium remains still hard after such annealing parameters with a deformed microstructure and without pronounced grains. The well-known recrystallization temperature of Nb of approximately 800°C is too high for Cu and annealing of NbCu bimetallic composition at this temperature will lead to significant grain growth in Cu.
The high plastic properties of Cu play a leading role in the forming process of NbCu clad cavities. The less plastic Nb layer after tube annealing at 560°C follows the Cu during forming, because of the tight bonding. However, undesired effects cannot be avoided completely. The tendency to create cracks in the Nb layer at the iris area during necking is especially dangerous.
The situation can be improved by suitable alloying of the Cu. It is well known that small additions of some metals (Hf, Ti, Cr, Zr, Mg, Sn, Mn, Al) increase the recrystallization temperature of Cu. The Cu alloy Cu0.15%Zr commercially available [47] could be a good candidate for replacing the pure Cu in NbCu clad tubes.
This alloy has-after annealing at temperatures required for Nb recrystallization-the mechanical properties desired for hydroforming. As indicated in Fig. 40 , a grain size of approximately 20-50 μm can be reached after annealing at 800°C. The measured elongation before local thinning is >30%.
Unfortunately, the alloying of Cu will increase the number of scattering centers for electrons and reduce the thermal conductivity. However, experiments have shown that the thermal conductivity of Cu0.15%Zr remains high enough (ca. 150 W=m K at 4.2 K). This value is comparable with that of high purity Nb. In addition, the thermal conductivity can be increased by special heat treatment [47] .
A Nb Cu0.15%Zr clad tube of approximately 1.8 m length has been produced for DESY at the company NuTech (Canada) by forward extrusion using the method described above. Single-cell cavities have been hydroformed at DESY from this tube without any appearance of cracks.
At the present time, two single-cell NbCu clad cavities are waiting for the preparation and for the rf tests.
The second undesirable drawback of bimetallic NbCu clad cavities is related to Q o degradation caused by trapped external magnetic flux. In the bimetal composite thermocurrents can be developed due to temperature gradients appeared during fast cooldown, rf break downs, during multipacting or local heating like quench. Thermocurrents generate magnetic flux, which is trapped in the superconductor, when it transitions through the critical temperature (thermocoupling effect of bimetallic composition). These trapped fluxoids are normal conducting and add to the losses in a cavity, degrading the Q-value. The Q o degradation after quench in NbCu cavities can be seen in both Figs. 39 and 40. The increase in the surface resistance, mainly the residual resistance, was investigated in more detail on the best cavity 1NC2 (Fig. 41) . As shown, the major increase in resistance happens roughly during the first 30 quenches.
A similar effect was observed in Nb 3 Sn cavities [48] and in sputtered NbCu cavities. Flux trapping in sputtered NbCu cavities is not yet fully explored, since the Q o ðE acc Þ performance is often limited by imperfections in the sputtered layers.
The degradation caused by trapped fluxoids can be reversed by warming up the cavity above T c and recooling it slowly and avoiding temperature gradients along the cavity.
It has to be stressed that the trapping of magnetic flux due to the creation of thermocurrents in the bimetal, if large thermal gradients are present during cool down, is different from the cooling dynamic effect discussed for solid Nb cavities in [49] . Here fast cooling provides for efficient flux expulsion and therefore lower residual resistance.
VIII. SUMMARY AND OUTLOOK
The hydroforming technique was developed to the point enabling the fabrication of multicell cavities. Several single-cell, two-cell, and three-cell bulk niobium cavities, produced by hydroforming at DESY, demonstrated accelerating gradient up to 40 MV=m. The best hydroformed cavities performed as well as the best conventionally welded cavities.
The development work carried out at DESY has shown that the combination of hydroforming with tube cladding could be a very promising technology, since cavities hydroformed from NbCu bimetallic clad tubes reach excellent performances.
Three of the three-cell niobium units were combined to nine-cell cavities at Fa. E. Zanon. In total three nine-cell cavities have been fabricated, reaching accelerating gradients of E acc ¼ 27-35 MV=m. One of these cavities was "dressed" with a helium tank and was integrated into the cryomodule for the FLASH accelerator, where it is operated reliably for a few years. Our whole experience is an indication that the hydroforming technique has successfully passed the proof of principle test.
The remaining task is the industrialization of the manufacturing process. Until now, industry is reluctant to invest in hydroforming equipment for series production, because a market for mass production of elliptical cavities is not visible. However, the industrialization of this technique is definitely a feasible task as proven by the company Butting (Germany). The company created simple equipment and fabricated a single-cell Nb cavity by a technique similar to the one developed at DESY. Cavity 1BT1 was produced without any intermediate constraints or intermediate annealing from deep drawn 3 mm thick Nb300 tube provided by DESY. The accelerating field of this cavity reached E acc ∼ 39 MV=m after common EP treatment (see Fig. 42 ).
Furthermore, on the basis of its first experiences with hydroforming Butting conducted a study for industrial cavity production by hydroforming, including cost estimation [50] . It turned out that fabrication by hydroforming was approximately 10%-15% more expensive than the costs for conventionally welded cavities (compared to a study of the company NOELL [51] ). However, in reality the conventional production for the European XFEL cavity was by far more expensive than the NOELL study predicted. One the other hand, the investing costs for the hydroforming machine estimated by Butting were too high. This means that the cost comparison between welded and hydroformed cavities definitely needs to be revisited.
The experiences with the welded cavities for the European XFEL are a case that can stress advantages for hydroforming. Burned holes, niobium splatter, incomplete weld penetration, rough surface of the EBW seam (especially at the overlap), etching pits in the HAZ (so-called "cat eyes"), deviation from straightness (eccentricity that required additional correction during tuning and reduction in shape accuracy): all these flaws will be absent in hydroformed cavities. In addition, precise machining is required for the critical welds at the equator or iris areas, demanding clean surface preparation (degreasing, etching, rinsing, drying in the clean room) and delicate assembly. Moreover, rather often quench limitations at E acc ∼ 20-25 MV=m have been observed during the production [52] , which are in most cases related to welding seam problems. Hydroforming avoids all of these problems.
The results of a statistical analysis of unloaded quality factor Q o (at 5 MV=m), residual surface resistance R res , medium field (5-20 MV=m) Q o slope of different types of TESLA shape cavities (hydroformed, fine grain, Ingot, single crystal), of different treatment procedures (BCP, EP, Baking, HPR etc.), material from different Nb suppliers and cavity manufacturing companies were reported in Ref. [53] using rf data from the DESY database [54] .
This analysis indicated, that (i) Q o at low fields and residual surface resistance values for hydroformed cavities are placed in the middle range compared to other types of cavities. (ii) The medium field Q o slope value for hydroformed cavities tends to be a somewhat smaller and is located on the bottom of all data area. (iii) Assuming that the only difference between hydroformed and conventionally welded cavities are the welding seams, it can be concluded that the influence of the welding seam on the cavity behavior is not dramatic, if the before mentioned flaws can be avoided. (iv) However, the hydroforming procedure avoids all the flaws, possibly occurring during preparation for welding and during welding itself.
Hydroforming has the drawback that only the outside shape of a cell can be precisely formed. The accuracy of the inside shape (rf surface, determining the frequency of the cell) and its reproducibility depends on wall thickness tolerances of the tubes and wall thickness changes during hydroforming. These two aspects can be eliminated easily during series production by stringent control of the uniformity of tube dimensions and hydroforming parameters during the ramp up phase. This will lead to uniformity of the cell shape and possibly minimize the need for tuning of multicell cavities. This seems to be one of the real advantages of hydroforming for serial production. FIG. 42 . Radio-frequency performance of TESLA shape single-cell cavity produced at company Butting by hydroforming. RRR250, radio-frequency tests done at JLab, EP done at KEK.
